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Seedlings of rice (Oryza sativa) variety Yumeaoba, which is susceptible to rice false smut disease, was used for inoculation. The seeds were soaked in a 0.5% (v/v) solution of the fungicide Techleed C Flowable (ipconazole and copper; Kumiai Chemical Industry, Tokyo, Japan) at 26 °C for 24 h, and then kept in distilled water (DW) for 3 days at 26 °C. Germinated seeds were selected and soaked in 70% (v/v) ethanol for 5 min and rinsed twice in DW. The germinated seeds were cultured on Murashige and Skoog (MS) medium in plastic plates (97 × 140 mm) at 25 °C under a 12 h/12 h (light/dark) cycle for 7 days. Seedlings were selected and carefully removed from the agar, washed in DW, and then kept in a petri dish (9-cm diameter) until inoculation.
Dried barley seeds containing isolate U2003-1 of V. virens (Ashizawa et al. 2010) were cultured on brown rice medium (100 g brown rice and 100 mL DW) at 25 °C. At 1 month post-incubation (mpi), a mass of chlamydospores formed on the medium, which was covered with velvety yellow hyphae; the surface of the chlamydospore mass was gradually cracking open (Fig. 1) . The chlamydospores slowly changed from yellow to deep orange until 5 mpi. In a preliminary inoculation test, chlamydospores at 1 to 4 mpi did not germinate on inoculated rice roots, and no infection hyphae were observed. For this reason, actively growing chlamydospores at 5 mpi were used for further study. For inoculum, 5-mpi chlamydospores were gently suspended in DW filtered through tissue paper and adjusted to 1 × 10 5 chlamydospores/mL. In addition, by transferring Abstract False smut is a serious disease affecting rice production worldwide. Initial infection of rice seedlings by Villosiclava virens was clarified using axenically cultured chlamydospores to inoculate rice roots. Chlamydospores were found on rice roots at 1 day post inoculation (dpi), and were germinating at 1-4 dpi. At 4 dpi, the infection germ tube had invaded the intercellular space between epidermal rice root cells. Between 5 and 11 dpi, branching and fusion-like structures were observed that may contribute to the establishment of the hyphal network on the root surface.
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Rice false smut disease, caused by Villosiclava virens (anamorph Ustilaginoidea virens) (Takahashi 1896; Tanaka et al. 2008) , reduces crop yield and rice quality. False smut balls (chlamydospore masses) are produced in grains on the panicle and fall onto the soil. The chlamydospores act as inocula on the next crop (Ashizawa et al. 2010) . They also remain viable in the soil and can infect seedlings after planting. Although elongation of hyphae on rice roots at seedling stage (Schroud and TeBeest 2005) , coleoptile infection by chlamydospores (Ikegami 1962 ) and fungal colonization of juvenile leaf sheaths attached to tiller buds (Tanaka et al. chlamydospore masses to new brown rice medium, a supply of inoculum was easily maintained. For inoculation, we used the method of Schroud and TeBeest (2005) with minor modifications. Briefly, 10 mL of the chlamydospore suspension was added to a petri dish containing 7-day-old seedlings, then the dish was covered with parafilm. The inoculated seedlings were set vertically and kept at 25 °C with a 12 h/12 h (light/dark) cycle. Germinated chlamydospores were counted to calculate the percentage of viable chlamydospores on the rice roots; 30 chlamydospores were observed per replicate and three replicates per test (90 chlamydospores/test). For observations with a light microscope (BX43; Olympus, Tokyo, Japan), the inoculated rice roots were soaked in 70% (v/v) ethanol for 5 min and then stained with 0.2% (w/v) trypan blue solution (Wako, Osaka, Japan) in a vacuum (−0.1 MPa) for 5 min.
At 1-4 dpi, 22.0, 25.5, 29.1 and 36.6%, respectively, of the chlamydospores had germinated on the inoculated roots. From 5 to 11 dpi, germination was constant at approximately 30%. Our modified inoculation method results in successful deposition of V. virens chlamydospores on rice roots. At 1 dpi, the chlamydospores were consistently found on inoculated rice roots. The spiny nature of the chlamydospore cell wall surface (Kim and Park 2007) might facilitate their attachment to both roots and root hairs. The germination rate of chlamydospores on inoculated roots in our study was consistently higher than that previously reported (Schroud and TeBeest 2005) . This might be caused by material differences between uniformly cultured chlamydospores and naturally harvested smut ball chlamydospores.
At 1 dpi, chlamydospores were distributed along the whole root (Fig. 2a) and the root hairs (Fig. 2b) . Between 1 and 4 dpi, we observed four types of germ tubes produced after chlamydospore germination; a thick germ tube (Fig. 2c) , a hook-like germ tube (Fig. 2d) , an irregularly shaped germ tube (Fig. 2e) , and a brownish, slightly swollen germ tube (Fig. 2f) .
Penetration of the hyphae into the intercellular space between epidermal root cells (Fig. 2g, h ) and hyphal elongation on the root surface (Fig. 2i) were observed at 4 dpi. In rare cases, at 6 and 8 dpi, brown, swollen hyphae had elongated (Fig. 2j) , and irregular hyphae had branched (Fig. 2k) without penetrating root cells. Between 5 and 11 dpi, some elongated hyphae seemed to have fused, forming a thick fusion-like structure (Fig. 2m) and some had branched (Fig. 2n) on the root surface. Interestingly, at 9 dpi, hyphae had penetrated between epidermal root cells then elongated around the cell to grow back to the surface again (Fig. 2l) . Moreover, infection hyphae invaded intercellular spaces directly (Fig. 2o ) during development of hyphae at low density (Fig. 2p) . At 11 dpi, hyphae were abundant on the root surfaces (Fig. 2q) . By contrast, floating chlamydospores in suspension had produced conidiophores (Fig. 2r) and conidium (Fig. 2s) at 2 dpi. In a rare case, a germ tube and conidium that formed on a chlamydospore were detected at 7 dpi (Fig. 2t) .
At 1-4 dpi, we found thick germ tubes (Fig. 2c ) and "hook-like" germ tubes (Fig. 2d) . At 4 dpi, germ tubes had elongated and formed infection hyphae (Fig. 2g, h) . On rare occasions, abnormal, irregularly shaped germ tubes (Fig. 2e) and slightly swollen germ tubes (Fig. 2f) were observed with light brown swollen hyphae at 6 dpi (Fig. 2j) or irregularly shaped hyphae (Fig. 2k) at 8 dpi. These germ tubes and hyphae were unable to penetrate and infect the root cells, potentially because of the physical difficulty they encountered in entering into the narrow space of the root cell. Additionally, conidia germinated on hair roots, but they did not infect the root hairs because no intercellular spaces are present for penetration. Interestingly, both conidia and germ tubes were produced in a chlamydospore showing a "two-faced" character ( Fig. 2t) and may have occurred following removal of the chlamydospore from the root surface after germination on the root. From 5 to 11 dpi, infection hyphae invaded the intercellular space between epidermal cells (Fig. 2l, o) . This invasion type is consistent with that of an epitrophic fungus (Leonardi et al. 2006; Linskens 1976) . By 11 dpi, a hyphal network substantially covered and grown within the inoculated roots (Fig. 2q) . Hyphal fusion-like structures (Fig. 2m ) and branching hyphae (Fig. 2n ) may be involved in the development of this network, which may assist in the invasion of whole roots by V. virens. In our . c Thick germ tube, 1 dpi. d Hook-like germ tube, 4 dpi. e Irregularly shaped germ tube, 3 dpi. f Brownish, slightly swollen germ tube, 2 dpi. g, h Germ tubes in intercellular spaces, 4 dpi. i Elongated germ tube, 4 dpi. j Brown, swollen germ tube, 6 dpi. k Elongated, branched germ tube, 8 dpi. l Hypha on/in an epidermal root cell, as if sewn around the host cell, 9 dpi. m Hyphal fusionlike structure, 5 dpi. n Branching hyphae, 10 dpi. o Infection hyphae invading intercellular root cells, 11 dpi. p Hyphae at lower density, 11 dpi. q Hyphal network on and in the rice root, 11 dpi. r Chlamydospore producing a conidiophore and conidium, 2 dpi. s Conidia have formed on chlamydospores, 2 dpi. t Chlamydospore have produced conidium (left arrow) and a germ tube (right arrow), 7 dpi. Bars a, b, p, q 10 µm; c-o, r, s 5 µm experiment, the degree of staining differed among samples, probably as a result of differences in plant age and position of germination on rice roots.
In summary, we clarified the initial infection process of rice roots at the seedling stage by the rice false smut pathogen, V. virens. Our findings may contribute to the development of chemicals to suppress this invasion of rice roots. However, the progression of the rice false smut disease from the rice leaf bud at the seedling stage to infection of the rice floret on the panicle before the heading stage is still unknown and should be studied further to help clarify the entire invasion pathway.
